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Since the introduction of the decoy-state technique, phase-randomised weak coherent light pulses 
have been the key to increase the practicality of quantum-based communications. Their ultra-fast 
generation was accomplished via compact gain-switched (GS) lasers, leading to high key rates in 
quantum key distribution (QKD). Recently, the question arose of whether the same laser could 
be employed to achieve high-speed measurement-device-independent-QKD, a scheme that promises 
long-haul quantum communications immune to all detector attacks. For that, a challenging high- 
visibility interference between independent picosecond optical pulses is required. Here, we answer the 
above question in the affirmative by demonstrating high-visibility interference from two independent 
GS lasers triggered at 1GHz. The result is obtained through a careful characterization of the laser 
frequency chirp and time jitter. By relating these quantities to the interference visibility, we obtain 
a parameter-free verification of the experimental data and a numerical simulation of the achievable 
key rates. These findings are beneficial to other applications making use of GS lasers, including 
random number generation and standard QKD. 


Interference lies at the heart of quantum information 
technologies. Novel protocols and schemes, such as quan¬ 
tum cryptography jlj, quantum teleportation [2j , quan¬ 
tum repeaters [3] , or linear optics quantum computing [3] 
rely upon high visibility interference of light pulses. To 
achieve high visibility, the interfering pulses need to be 
indistinguishable in all possible degrees of freedom |5HS]. 

Weak coherent states of light have been long used to 
approximate single photon sources in quantum key dis¬ 
tribution (QKD). This approximation guarantees high 
key rates if the decoy-state technique nnnm is adopted. 
However, in order to apply it, the electromagnetic phase 
of coherent states is required to be random. Thankfully, 
semiconductor gain-switched (GS) laser diodes naturally 
generate optical pulses with random phases [12, 13] . 
With a sufficient off period between subsequent events, 
each laser pulse is triggered by quantum-mechanical 
spontaneous emission and thus has random electromag¬ 
netic phase m- At the same time, GS short pulses 
(around 30 ps, see Fig. [lja)) are perfectly suited to high 
bit rate [14], 151 and noise-tolerant QKD m ■ This is 
remarkable given that time-jitter in GS lasers is about 
10 ps, i.e., comparable to the pulse width. Furthermore, 
other potential sources of impairment like the pulses 
spectral distinguishability or a time-varying polarization, 
play only a minor role in standard QKD, where each gen¬ 
erated pulse only interferes with itself to deliver a bit of 
the final key. 

The situation is dramatically changed in measurement- 
device-independent-QKD (MDI-QKD), a recent quan¬ 
tum protocol promising immunity against all detector 
attacks UZHZU. Similarly to conventional QKD, decoy 
states and phase randomization are also required in MDI- 
QKD. However, in this case, the successful distillation of 
the final key requires high visibility two pulse interfer¬ 


ence m- This poses stringent requirements on the sys¬ 
tem, as the interfering pulses have to be indistinguish¬ 
able and perfectly overlapped to guarantee high visibil¬ 
ity. Time jitter and frequency profile of the pulses play a 
very important role and it is unclear whether GS lasers 
represent a viable solution. 

Until now it has not been possible to use GS pulses 
shorter than 2 ns and trigger rates higher than 1 MHz 
in an MDI-QKD experiment [SO]. This is still orders of 
magnitude away from high bit-rate QKD [HI [22], work¬ 
ing at 1 GHz with pulse widths of tens of ps. The tol¬ 
erance to time and frequency fluctuations could be im¬ 
proved by using the steady-state emission of GS laser 
diodes [12]. However, this would limit the prospect for 
high bit rate applications. Other MDI-QKD demonstra¬ 
tions [IS [lQl [2T] have improved the spectral stability 
of the pulses approximating the required source with 
continuous-wave (CW) lasers pulse-carved by an inten¬ 
sity modulator. Light pulses generated this way exhibit 
a negligible time-jitter, but also a constant, or slowly 
variable, phase, therefore violating the phase randomness 
requirement. Phase randomisation via separate modula¬ 
tion is possible mum, but at the expense of additional 
complexity of the setup [ 23 ] . 

Here, we investigate the relation between GS laser 
diodes and interference visibility and implement a so¬ 
lution to mitigate the detrimental effect of pulse distin¬ 
guishability. By introducing a novel theoretical model, 
we identify frequency chirp of GS pulses as the main 
cause of poor interference visibility. Frequency chirp is 
common in fast-driven semiconductor laser diodes I25| . 
The rapid change in carrier density in the active region 
dynamically alters the refractive index thus chirping the 
laser frequency [26] and making the pulses far from trans¬ 
form limited m (see, e.g., Fig. 0b))- The concomitant 
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FIG. 1. (a) Temporal and (b) spectral profiles of the two 

GS lasers used in this work’s experimental apparatus, (c) 
Interference output traces recorded by an oscilloscope and 
two fast photodiodes (DO and Dl). 


time jitter then prevents two chirped pulses from preserv¬ 
ing a constant phase relation, which is a prerequisite for 
high-visibility interference. We verify this analysis by ex¬ 
perimentally interfering short optical pulses emitted by 
two independent semiconductor GS laser diodes driven 
at 1 GHz and comparing the results with the theoretical 
prediction. When frequency chirp is taken into account, 
the theory provides a parameter-free fit of the experimen¬ 
tal data, thus confirming the soundness of our analysis. 
This fact was then exploited to calibrate our system and 
achieve two-pulse interference visibility as high as 0.46, 
close to the theoretical limit 0.50 achievable with weak 
coherent states [§J. Combined with the intrinsic phase 
randomness of the pulses and the high trigger rate of 
the laser, this result demonstrates the usefulness of GS 
laser diodes in achieving high speed decoy-state MDI- 
QKD. Furthermore, it has implications for other types 
of high-speed quantum information applications, as dis¬ 
cussed later on. 

We start our analysis by describing the schematics 
of the experimental setup, depicted in Fig. [2j based on 
which we develop our theoretical model. The setup con¬ 
sists of a Hong-Ou-Mandel interferometer j5j, with two 
attenuated GS distributed feedback laser diodes injecting 
light into a beam splitter through a pair of optical circula¬ 
tors and a tunable filter. After the beam splitter, light is 
detected by two single photon detectors, thus emulating 
a real MDI-QKD setup. Ideally, a tunable bandpass filter 
should appear in each arm of the setup to limit the band¬ 
width and hence the frequency chirp of each laser. For 
experimental convenience, we use a single tunable band¬ 
pass filter and two optical circulators to filter emissions 
of both lasers simultaneously |28j. Each laser is attenu¬ 
ated by more than 70 dB up to the single photon level 
before interference. Including the built-in isolation (30 
dB) in each laser diode and the circulator extinction ra¬ 
tio of 50 dB, the total isolation between the light sources 



FIG. 2. Schematics of the experimental setup. The shade 
illustrate the spectral filtering using a single filter with the 
help of two optical circulators. The same diagram is used for 
modelling the effect of time jitter and frequency chirp on the 
two-pulse interference visibility. 

is greater than 150 dB. Considering each laser emitting 
an optical power of ~200 /.tW at 1 GHz, this level of isola¬ 
tion ensures that the optical cross talk between the lasers 
is less than 10 -8 photons/pulse. We therefore conclude 
the laser diodes are optically independent. 

Gain-switching in the laser diodes is achieved elec¬ 
trically by a superposition of a DC bias and a voltage 
square wave clocked at 1 GHz. Temporal alignment of 
the pulses, shown in Fig. [IJa), is achieved by tuning the 
delay of Laser 2, which is electronically adjustable in 
steps of 1 ps. Laser 1 is kept at room temperature, while 
laser 2 is cooled to —9°C to tune its central frequency 
(193.47 THz) to approximately match Laser 1, as shown 
in Fig. §b). The second order correlation functions at 
0-delay are measured for lasers 1 and 2 and amount to 

99.3 ± 1.0% and 99.6 ± 1.3%, respectively, suggesting the 
Poisson statistics as expected for coherent state emission 
[29i . Optical pulses from both lasers exhibit temporal 
and spectral full widths at half maximum (FWHM’s) 
of 30 ps and 70 GHz, respectively. Excluding the in¬ 
fluence from the time jitter, which was measured to be 

9.3 ps (FWHM), the laser pulses are far from Fourier- 
transform limited. Gaussian transform limited pulses 
of such duration correspond to a spectral broadening of 
about 15 GHz m • The excessive spectral broadening 
is attributed to laser frequency chirp, which requires a 
proper theoretical description to understand the results 
of the interference experiment in the presence of time 
jitter. 

We focus on the beam splitter and evaluate the co¬ 
incidence counts registered by the two detectors. The 
two optical pulses generated by the independent GS laser 
diodes enter the beam splitter through inputs a and b. 
The electric field at k = {a, b} and time t is: 

E k (t) = y/l(t - t k ) exp{27 ri[v{t - t k ) + /3{t — t k ) 2 + ip k ]}, 

(1) 

where I(t) = exp{— t 2 I2 t^ }/(t p v / 2tt) is the temporal 
profile of the laser pulse, assumed to be Gaussian, and 
T p its temporal width; v is the central frequency of the 
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wavepackets; tk is the temporal distance of wavepacket 
k from the beam splitter at time t; /? is a parameter ac¬ 
counting for frequency chirp, which is about 0.01 ps -2 in 
semiconductor lasers |25]; tpi- is the (random) electromag¬ 
netic phase of the pulses. We also define for later conve¬ 
nience the time delay between the two pulses At = t& — t a 
and the phase difference A ip = <fb ~ Va- The time delay 
can be due to either systematic temporal misalignment 
or emission time uncertainty. 

At the beam splitter, the pulses are aligned to same 
polarisation and interfere. The output intensities can 
be calculated from Eq. (|T|) and the beam splitter rela¬ 
tions (30 . After integrating over the finite response time 
of the detectors, much longer than the pulse width, and 
assuming a 50/50 beam splitter, we obtain for the in¬ 
tensity at the output ports of the beam splitter, c and 

d, 

(At) 2 

Ic, d = 1± cos(A(^)exp[-^—A-(l + 16/3 2 Tp)], (2) 

OTp 

where the +(-) sign is associated with the c (d) mode. 
Figure [ljc) shows example traces of I c and Id recorded 
at the beam splitter output ports using a pair of fast pho¬ 
todiodes as detectors, after having set optical attenuation 
to 0 dB and spectral filtering to pass all frequency com¬ 
ponents (see setup in Fig. [2]). Photodiodes record com¬ 
plementary outputs, as a result of energy conservation. 
Peak intensities fluctuate because of the random phase 
difference A tp in Eq. Q. Nearly complete constructive 
and destructive interference is observable because of the 
occasional perfect temporal alignment (At « 0) of the 
two wavepackets. Since we do not limit the frequency 
chirp here, the observation of nearly complete interfer¬ 
ence suggests that the two lasers have a similar chirped 
profile. However, as we shall see, this is not sufficient to 
guarantee a high visibility in two-pulse interference. 

Most often At 0 because of the emission time jit¬ 
ter. In this case, frequency chirp will prevent complete 
interference and hence deteriorate the interference visi¬ 
bility. The differential phase between two pulses is no 
longer constant, but evolves as A <p(t) = Apo + 2ir/3At-t. 
Crudely speaking, whenever the differential phase evolves 
by more than 27r, half of the optical wave interferes con¬ 
structively and the other half destructively, resulting an 
overall interference visibility approaching zero. 

The average two-pulse interference visibility can be ob¬ 
tained as = 1 — P c d , where P c d oc I c - Id is the (nor¬ 
malized) coincidence rate seen by the two detectors under 
the assumption of attenuated intensities [B]. After aver¬ 
aging over the random phase difference Atp and under the 
experimentally fulfilled condition of pulses attenuated at 
the single photon level, we obtain the visibility as: 

V {2) = * exp[—^-(1 + 16/3 2 Tp)]. (3) 


It is worth remarking that the theoretical limit for the 
interference visibility is 50% in this case, not 100%, be¬ 
cause attenuated coherent states, not single photons, are 
interfering at the beam splitter. 

In Fig. [3j we plot the interference visibility as a func¬ 
tion of temporal misalignment and frequency chirp. We 
use t p = 12.7 ps, corresponding to an FWHM of 30 ps 
for a Gaussian wavepacket. When both lasers are per¬ 
fectly aligned and jitter free (At = 0), a visibility of 
= 0.5 is obtained irrespective of the amount of 
frequency chirp, as expected for perfectly indistinguish¬ 
able, phase-randomized weak laser pulses. Similarly, in 
the absence of frequency chirp (/3 = 0), the two-pulse 
interference also exhibits high visibility as long as the 
temporal misalignment is insignificant as compared with 
the pulse duration. However, the visibility deteriorates 
rapidly when both temporal misalignment and frequency 
chirp are present. With a realistic temporal misalign¬ 
ment (At = 10 ps) and frequency chirp (fiat = 70 GHz), 
the interference visibility drops to ~0.10, a value too low 
for any practical applications. 

As an example, low visibility reduces the secure key 
rate of MDI-QKD. This is because visibility directly af¬ 
fects the phase error rate in the protocol, thereby in¬ 
creasing the privacy amplification cost. Using realistic 
parameters for channel transmission of 0.2 dB/km and 
measurement efficiency of 30%, a maximum secure key 
rate ( R ma x ) of the order of 10 kbps can be attained 
with a GHz-clocked MDI-QKD system over 100 km fiber 
[snug. Incidentally, this secure key rate is more than 
two orders of magnitude greater than what has previ¬ 
ously been reported in the literature USHH]. However, 
it will decrease rapidly with deterioration of the visibility. 
In Fig. [3j we plot contour lines illustrating the achievable 
secure key rates at corresponding interference visibilities. 
With a slight drop of the visibility from 0.50 to 0.45, the 
secure key rate is reduced to less than the half of R ma x- 
It will reduce to around 10% of R m ax if the visibility is 
less than 0.40. When the visibility is lower than 0.37, the 
generation of a secure key is no longer possible. Hence, 
high visibility interference is vital to maintain efficient 
secure key generation in MDI-QKD. 

Having described our theoretical model for two-pulse 
interference visibility in relation to laser frequency chirp 
and time jitter, and its effect on the MDI-QKD key 
rate, we can now proceed and measure the real visibility 
obtained from an MDI-QKD-like setup like the one in 
Fig-0 set in single photon counting mode. Specifically, 
both lasers are equally attenuated to < 0.05 photons per 
pulse and superconducting nanowire single-photon detec¬ 
tors with ~5% quantum efficiency are employed [33] 

By setting the filter bandwidth to 2 THz, we record a 
coincidence histogram as shown in Fig. |4j(a). The sup¬ 
pression at the zero delay corresponds to a visibility of 
= 0.25. The visibility is vastly improved to 0.46 by 
narrowing the filter bandwidth to 13.8 GHz, as shown in 
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FIG. 3. Calculated second order interference visibility V ^ 
as a function of frequency chirp (/3at) and temporal misalign¬ 
ment (At) of interfering pulses. We assume a temporal width 
of 30 ps (FWHM) for laser pulses. White lines indicate the 
achievable secure bit rates of MDI-QKD, compared to the rate 
Rmax achievable with perfect interference. 



FIG. 4. The second-order interference visibility W 2) as a func¬ 
tion of filter bandwidth. Measurements using a single laser 
and theoretical calculation are also shown. Insets: Coinci¬ 
dence traces for the Hong-Ou-Mandel interference measure¬ 
ments are shown for two different bandwidths of (a) 2 THz 
and (b) 13.8 GHz. 


Fig.gb). We plot the interference visibility as a function 
of the filter bandwidth in Fig. [4j Three different regions 
can be distinguished in the data. In the first region with 
the filter bandwidth greater than 70 GHz, the visibility 
improves slowly when the filter narrows. In this region, 
the filter rejects only the spontaneous background and 
side-mode emissions, which are typically three orders of 
magnitude weaker than the lasing mode. The visibility 
improves from V^ = 0.25 at 2 THz to 0.28 at 72.5 GHz. 



Misalignment (ps) 

FIG. 5. Measured (symbols) and simulated (solid line) inter¬ 
ference visibility V 1 ' 2 ' 1 as a function of temporal misalignment 
At. 


Then the visibility improves rapidly when the filter starts 
to limit the laser bandwidth until reaching a peak visibil¬ 
ity of V = 0.46 at 13.8 GHz. Note that this bandwidth 
value is readily obtainable by using appropriately chosen 
off-the-shelf telecom filters [33] . In the third region, the 
visibility starts to deteriorate for filter bandwidths less 
than 13.8 GHz. 

We calculate the visibility as a function of the laser 
bandwidth using the measured time jitter values and the 
measured bandwidth-dependent pulse durations. The re¬ 
sulting theoretical curves fit the experimental data with¬ 
out any free parameters. As shown in Fig. [4j the model 
has reproduced the visibility improvement in the interme¬ 
diate bandwidth region whereas for small bandwidth it 
shows a considerably higher visibility than actually mea¬ 
sured. The discrepancy in the narrow bandwidth region 
is attributed to imperfection in the measurement setup. 
We use a single bandpass filter which has a finite back- 
reflection ratio. The back-reflected light does not affect 
the lasers, protected by attenuators and optical isolators, 
but it can enter the 50/50 beam splitter and reach the 
detectors, thus causing accidental coincidences that spoil 
the interference visibility. To unveil the truly achievable 
visibility, we have interfered laser pulses emitted by a sin¬ 
gle laser diode. An asymmetric Mach-Zehnder interfer¬ 
ometer is aligned to interfere optical pulses of adjacent 
clocks m- In this arrangement, the bandpass filter is 
placed before the interferometer and the back-reflection 
problem is thus avoided. The results are also plotted 
in Fig. [3] This time, a visibility of 0.48 is recorded at 
11.5 GHz, which agrees well with the predicted visibility 
of 0.488. The small discrepancy is due to the imperfect 
splitting ratio in the 50/50 beam-splitter, which has been 
measured to be close to 53/47. 

Figure [5] shows the interference visibility as a function 
of systematic temporal misalignment (At) between two 
lasers. Here, the bandpass filter is fixed to give a band- 
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width of 13.8 GHz. On top of laser timing jitter, the 
systematic misalignment further deteriorates the inter¬ 
ference visibility. In the extreme case of large misalign¬ 
ment (| At | > 45 ps), the optical pulses have little overlap 
and the corresponding visibility approaches zero. Around 
the optimal delay At = 0, the visibility varies slowly with 
the temporal misalignment. At a misalignment of 10 ps, 
the visibility remains as high as 0.41, a value that is still 
sufficient for positive key distillation in MDI-QKD. This 
temporal tolerance is readily achievable through remote 
optical synchronisation nn. 

Our results are not limited to MDI-QKD and are use¬ 
ful to other quantum information applications. For in¬ 
stance, a fast random number generator could be envis¬ 
aged if numbers are assigned to the complementary out¬ 
comes shown in Fig. |TJc) , improving the flexibility of ex¬ 
isting solutions based on first-order interference |12l ; 35j . 
Optical interference could also be used to quantify side- 
channel information in QKD implementations with mul¬ 
tiple light sources. Currently information leakage is esti¬ 
mated trough a series of ad hoc measurements based on a 
few known degrees of freedom |36j . However information 
leakage from unknown degrees of freedom, sometimes re¬ 
ferred to as side channels, cannot be ignored. This se¬ 
curity risk could be unveiled by a decrease in the visi¬ 
bility of a multi-source interference experiment. Finally, 
our demonstration that Fourier-transform limited pulses 
are not necessary for high-visibility interference may al¬ 
low weak coherent pulses to be tailored to interfere with 
quantum light sources, providing a plethora of oppor¬ 
tunities, for example, a hybrid quantum relay m that 
bridges weak-pulse QKD and entangled photon pairs |2B3. 

To summarise, we have demonstrated high-speed 
phase-randomised coherent state sources that can exhibit 
high visibility in two-pulse interference. The solution is 
based on semiconductor gain-switched laser diodes and 
characterized in their temporal and spectral properties. 
This result is highly beneficial to the recent application 
of MDI-QKD and to others exploiting similar princi¬ 
ples. The achieved visibility of 0.46 (Fig. [4]), limited by 
back-reflection in the filter, can already guarantee more 
than 50% of the maximum key rate in MDI-QKD. De¬ 
spite high speed and narrow pulse width, the interference 
visibility obtained from frequency-filtered gain-switched 
laser diodes is comparable to, or better than, those 
achieved with optical pulses carved from continuous-wave 
lasers US Ha HU- This suggests that this cheap and ef¬ 
fective solution will play a major role in future quantum- 
based applications. 


* zhiliang.yuan@crl.toshiba.co.uk 

[1] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Quan¬ 
tum cryptography , Rev. Mod. Pliys. 74, 00145 (2002). 


[2] D. Bouwmeester, J.-W. Pan, K. Mattie, M. Eibl, H. We- 
infurter, and A. Zeilinger, Experimental quantum telepor¬ 
tation, Nature 390, 575 (1997). 

[3] H.-J. Briegel, W. Dur, J. I. Cirac, and P. Zoller, Quantum 
repeaters: The role of imperfect local operations in quan¬ 
tum communication, Phys. Rev. Lett. 81, 5932 (1998). 

[4] E. Knill, R. Laamme, and G. J. Milburn, A scheme for 
efficient quantum computation with linear optics. Nature 
409, 46 (2001). 

[5] C. Hong, Z. Ou, and L. Mandel, Measurement of subpi¬ 
cosecond time intervals between two photons by interfer¬ 
ence, Phys. Rev. Lett. 59, 2044 (1987). 

[6] J. Rarity, P. Tapster, and R. Loudon, Non-classical inter¬ 
ference between independent sources, J. Opt. B 7, S171 
(2005). 

[7] R. Kaltenbaek, B. Blauensteiner, M. Zukowski, M. As- 
pelmeyer, and A. Zeilinger, Experimental interference of 
independent photons, Phy. Rev. Lett. 96, 240502 (2006). 

[8] J. Beugnon, M. P. Jones, J. Dingjan, B. Darquie, G. 
Messin, A. Browaeys, and P. Grangier, Quantum inter¬ 
ference between two single photons emitted by indepen¬ 
dently trapped atoms, Nature 440, 779 (2006). 

[9] A. J. Bennett, R. B. Patel, C. A. Nicoll, D. A. Ritchie,and 
A. J. Shields, Interference of dissimilar photon sources, 
Nature Phys. 5, 715 (2009). 

[10] H. K. Lo, X. F. Ma, and K. Chen, Decoy state quantum 
key distribution, Phys. Rev. Lett. 94, 230504 (2005). 

[11] X. B. Wang, Beating the photon-number-splitting attack 
in practical quantum cryptography, Phys. Rev. Lett. 94, 
230503 (2005). 

[12] Z. L. Yuan, M. Lucamarini, J. F. Dynes, B. Frohlich, A. 
Plows, and A. J. Shields, Robust random number gener¬ 
ation using steady-state emission of gain-switched laser 
diodes, Appl. Phys. Lett. 104, 261112 (2014). 

[13] T. Kobayashi, A. Tomita, and A. Okamoto, Evaluation 
of the phase randomness of a light source in quantum- 
key-distribution systems with an attenuated laser, Phys. 
Rev. A 90, 032320 (2014). 

[14] N. Liitkenhaus and A. Shields, Focus on quantum cryp¬ 
tography: theory and practice, New J. Phys. 11, 045005 
(2009). 

[15] M. Sasaki, M. Fujiwara, H. Ishizuka, W. Klaus, K. 
Wakui, M. Takeoka, S. Miki, T. Yamashita, Z. Wang, 
A. Tanaka, K. Yoshino, Y. Nambu, S. Takahashi, A. 
Tajima, A. Tomita, T. Domeki, T. Hasegawa, Y. Sakai, 
H. Kobayashi, T. Asai, K. Shimizu, T. Tokura, T. Tsu- 
rumaru, M. Matsui, T. Honjo, K. Tamaki, H. Takesue, 
Y. Tokura, J. F. Dynes, A. R. Dixon, A. W. Sharpe, Z. 
L. Yuan, A. J. Shields, S. Uchikoga, M. Legre, S. Robyr, 
P. Trinkler, L. Monat, J.-B. Page, G. Ribordy, A. Poppe, 
A. Allacher, O. Maurhart, T. Langer, M. Peev, and A. 
Zeilinger, Field test of quantum key distribution in the 
Tokyo QKD Network, Opt. Express 19, 10387 (2011). 

[16] K. A. Patel, J. F. Dynes, I. Choi, A. W. Sharpe, A. 
R. Dixon, Z. L. Yuan, R. V. Penty, and A. J. Shields, 
Coexistence of high-bit-rate quantum key distribution and 
data on optical fiber, Phys. Rev. X 2, 041010 (2012). 

[17] H.-K. Lo, M. Curty, and B. Qi, Measurement-device¬ 
independent quantum key distribution, Phys. Rev. Lett. 
108, 130503 (2012). 

[18] T. F. da Silva, D. Vitoreti, G. Xavier, G. do Amaral, 
G. Temporao, and J. von der Weid, Proof-of-principle 
demonstration of measurement-device-independent quan¬ 
tum key distribution using polarization qubits, Phys. Rev. 



6 


A 88, 052303 (2013). 

[19] A. Rubenok, J. A. Slater, P. Chan, I. Lucio-Martinez, 
and W. Tittel, Real-world two-photon interference and 
proof-of-principle quantum key distribution immune to 
detector attacks, Phys. Rev. Lett. Ill, 130501 (2013). 

[20] Y. Liu, T.-Y. Chen, L.-J. Wang, H. Liang, G.-L. Shentu, 
J. Wang, K. Cui, H.-L. Yin, N.-L. Liu, L. Li, X. Ma, J. S. 
Pelc., M. M. Fejer, C.-Z. Peng, Q. Zhang, and J.-W. Pan, 
Experimental measurement-device-independent quantum 
key distribution, Phys. Rev. Lett. Ill, 130502 (2013). 

[21] Z. Tang, Z. Liao, F. Xu, B. Qi, L. Qian, and H.-K. 
Lo, Experimental demonstration of polarization encod¬ 
ing measurement-device-independent quantum key distri¬ 
bution, Phys. Rev. Lett. 112, 190503 (2014). 

[22] A. R. Dixon, Z. L. Yuan, J. F. Dynes, A. W. Sharpe, and 
A. J. Shields, Gigahertz decoy quantum key distribution 
with 1 Mbit/s secure key rate, Opt. Express 16, 18790 
(2008). 

[23] Y. Zhao, B. Qi, and H.-K. Lo, Experimental quantum 
key distribution with active phase randomization, Appl. 
Phys. Lett. 90, 044106 (2007). 

[24] At least one extra intensity modulator is required to carve 
the CW light, plus extra random number generator and 
phase modulator to randomize the phases of the pulses. 

[25] G. P. Agrawal, Fiber-optic communication systems (John 
Wiley & Sons, 2002). 

[26] D. M. Pataca, P. Gunning, M. L. Rocha, J. K. Lucek, R. 
Kashyap, K. Smith, D. G. Moodie, R. P. Davey, R. F. 
Souza, and A. S. Siddiqui, Gain-switched DFB lasers, J. 
Microwav. Optoelectron. 1, 46 (1997). 

[27] A. Yariv and P. Yeh, Photonics: Optical Electronics 
in Modern Communications (Oxford University Press, 
2006). 

[28] This does not represent a loss of generality as experimen¬ 
tally it was found that crossing the filter from different 
directions is tantamount to having different filtering ef¬ 


fects on the two beams. 

[29] A. R. Dixon, J. F. Dynes, Z. L. Yuan, A. W. Sharpe, 
A. J. Bennett, and A. J. Shields, Ultrashort dead time 
of photon-counting InGaAs avalanche photodiodes, Appl. 
Phys. Lett. 94, 231113 (2009). 

[30] R. Loudon, The quantum theory of Light (Oxford Uni¬ 
versity Press, 2000). 

[31] We calculate the secure bit rate using the decoy method 
illustrated in [32] and assuming 4° polarization misalign¬ 
ment in each channel. 

[32] F. Xu, M. Curty, and H. K. Lo, Practical aspects of 
measurement-device-independent quantum key distribu¬ 
tion, New J. Phys. 15, 113007 (2013). 

[33] Notice that our model holds so long as the detectors are 
in linear regime, which is the case if the injected average 
photon number is as small as 0.05. 

[34] K. A. Patel, J. F. Dynes, M. Lucamarini, I. Choi, A. 
W. Sharpe, Z. L. Yuan, R. V. Penty, and A. J. Shields, 
Quantum key distribution for 10 Gb/s dense wavelength 
division multiplexing networks, Appl. Phys. Lett. 104, 
051123 (2014). 

[35] M. Jofre, M. Curty, F. Steinlechner, G. Anzolin, J. P. 
Torres, M. W. Mitchell, and V. Pruneri, True random 
numbers from amplified quantum vacuum, Opt. Express 
19, 20665 (2011). 

[36] S. Nauerth, M. Fiirst, T. Schmitt-Manderbach, H. Weier, 
and H. Weinfurter, Information leakage via side channels 
in freespace BB84 quantum cryptography, New J. Phys. 
11, 065001 (2009). 

[37] H.-K. Lo, M. Curty, K. Tamaki, Secure quantum key dis¬ 
tribution, Nat. Photon. 8, 595 (2014). 

[38] R. M. Stevenson, J. Nilsson, A. J. Bennett, J. Skiba- 
Szymanska, I. Farrer, D. A. Ritchie, and A. ,J. Shields, 
Quantum teleportation using a light-emitting diode, Nat. 
Comm. 4, 2859 (2013). 


